Proper chromosome segregation in eukaryotes depends upon the mitotic and meiotic spindles, which assemble at the time of cell division and then disassemble upon its completion. These spindles are composed in large part of microtubules, which either generate force by controlled polymerization and depolymerization or transduce force generated by molecular microtubule motors. In this review, we discuss recent insights into chromosome segregation mechanisms gained from the analyses of force generation during meiosis and mitosis. These analyses have demonstrated that members of the kinesin superfamily and
These spindles are composed in large part of microtubules, which either generate force by controlled polymerization and depolymerization or transduce force generated by molecular microtubule motors. In this review, we discuss recent insights into chromosome segregation mechanisms gained from the analyses of force generation during meiosis and mitosis. These analyses have demonstrated that members of the kinesin superfamily and the dynein family are essential in all organisms for proper chromosome and spindle behavior. It is also apparent that forces generated by microtubule polymerization and depolymerization are capable of generating forces sufficient for chromosome movement in vitro; whether they do so in vivo is as yet unclear. An important realization that has emerged is that some spindle activities can be accomplished,by more than one motor so that functional redundancy is evident. In addition, some meiotic or mitotic movements apparently occur through the cooperative action of independent semiredundant processes. Finally, the molecular characterization of kinesin-related proteins has revealed that variations both in primary sequence and in associations with other proteins can produce motor complexes that may use a variety of mechanisms to transduce force in association with microtubules. Much remains to be learned about the regulation of these activities and the coordination of opposing and cooperative events involved in chromosome segregation; this set of problems represents one of the most important future frontiers of research.
"The cell has no other mode of origin than by division of a preexisting cell" (E. B. Wilson, ref. 1) . As Wilson and his contemporaries realized over a century ago, the primary function of cell division (miThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. tosis) is to ensure the equipartition of chromosomes between the two daughter cells; meiosis uses similar structures and mechanisms to accomplish an accurate reduction of chromosome number. In this review, we will describe recent advances in our understanding of the role of microtubule motors in chromosome segregation in mitosis and the related process nieiosis. In particular, we will focus on the likely actions of members of the microtubuleassociated molecular motor superfamilies kinesin and dynein, which convert the chemical energy in ATP into force and movement during cell division (2, 3). In fact, it is safe to state that the rapid discoveries of numerous members of the kinesin superfamily and the identification and molecular cloning of cytoplasmic forms of dynein have rekindled the fervor of efforts'to sort out the mechanism,s of mitosis and meiosis (4-11).
We will begin with a brief discussion of the structure and behavior of the mitotic and meiotic spindles and note those events that are likely to use molecular motors. We will then summarize recent studies of likely mitotic and meiotic motors and discuss their possible roles. Finally, we will highlight some of the gaps in our understanding that must be filled before we can fully understand the basis for the accurate segregation of chromosomes at mitosis and meiosis.
Microtubules and the Spindle
The goal of mitosis is to equally divide the chromatin of the mother cell between the daughter cells. The goal is accomplished by the mitotic spindle, a macromolecular assembly that attaches to, organizes, and directs the movements of chromosomes during mitosis. The spindle itself is a highly dynamic structure, forming anew during the cell cycle when it is time to divide and disassembling when division is done (12) (13) (14) . The mitotic spindle, and its sibling structure, the meiotic spindle, is most prominently composed of microtubules. Microtubules are assembled from heterodimeric tubulin subunits and display both structural and kinetic polarity. This polarity is reflected in the designa- (Fig. 1) . In addition, the polarity of microtubules is recognized by microtubule motors. A motor is classified as either minus-end-directed, with an activity that would move a cargo from the plus end to the minus end of the microtubule, or plus-end-directed, with an activity that would move a cargo from the minus end to the plus end of a microtubule (Fig. 2a) . Microtubules have been suggested either to generate forces for chromosome movement by actively changing polymer length or to transduce directed forces generated by molecular motors such as kinesin or dynein.
Mitotic and Meiotic Phenomena
The stages of mitosis are well known, as are the' major events that define them. Although the demarcations between these stages are not precise, they are useful for breaking the process down into manageable segments (shown in Fig. 1 ). The first division of meiosis is generally composed of similar stages and events, the obvious difference being that prophase is very extended and includes a period in which homologous chromosomes pair and undergo recombination. As a result of the recombination events, most homologous chromosomes remain attached to each other by virtue of chiasmata. These attachments then constrain the homologues to adopt and maintain orientations to opposite spindle poles during prometaphase and metaphase, thus ensuring reductional division at anaphase (16, 17) .
Inspection of the mitotic process indicates'that there are several movements that must be accounted for, and which may be powered by microtubule motors: (i) separation of spindle poles during prophase and the maintenance of centrosome separation during the later stages of mitosis; (ii) movement of chromosomes toward, and away, from the poles during prometaphase, metaphase, and anaphase; (iii) mov'ement of the spindle poles apart during anaphase; and (iv) a recently dis- covered "flux" of tubulin subunits in the microtubules of the spindle (e.g., as a result of the addition of tubulin subunits at the plus end and removal of subunits at the minus ends in an assembled spindle). Any of these movements could actually be powered by one or more motors, and in many cases could be the sum of oppositely acting forces as well. In addition, microtubule polymerization and depolymerization have long been recognized as potential sources of force (12, (18) (19) (20) (21) (22) .
In principle, a minimum set of force generators would include a plus-and a minus-end-directed motor at the chromosomes, a plus-end-directed motor in the pole to drive microtubule flux or spindle pole migration in the cytoplasm, a plusend-directed motor between overlapping microtubules in the central spindle to power spindle elongation, and perhaps a minus-end-directed motor acting in the cytoplasm to drive spindle pole movements (Fig. 2) . Recent studies of molecular motors have turned up many candidate motors to drive these events, and in some cases they have turned up new ways of looking at motor function in mitosis and meiosis (5, 6, 9, 23-29).
Potential Mitotic and Meiotic Motors
There are two classes of microtubulebased motors, the dyneins and the kinesins. These two superfamilies of motors differ in most significant properties, including primary sequence, size, pharmacology, and in general, direction of movement along the polar microtubule (2, 30, 31).
True dynein was discovered over 30 years ago in cilia and flagella, where it powers sliding displacement forces in the axoneme by generating minus-end-directed microtubule movement (32) (33) (34) . The existence of cytoplasmic forms of dynein was confirmed with the purification of dynein from bovine brain (35) and Caenorhabditis elegans (36) . These discoveries suggested that cytoplasmic dynein may power organelle movements and perhaps mitotic movements as well. Unlike the diverse number of kinesin-related genes, thus far there appears to be but one cytoplasmic dynein heavy chain gene in most organisms (37) (38) (39) (40) (41) (42) . Recent evidence suggests that cytoplasmic dynein functional diversity is achieved through the association of the heavy chain with a variety of accessory proteins that target and regulate its activity (8, 43, 44 (89) , and epitope-tagged CIN8 or KIP1 (48, 49) , shows that these bimC family members are distributed along the length of spindle microtubules during mitosis. Addi-*To avoid confusion caused by organismspecific genetic nomenclatures, we have adopted a simplified nomenclature system for this review. Wild-type genes will be written in italicized lowercase letters (e.g., bimC). References to a mutant gene will include the word "mutant" or "mutation" (e.g., "bimC mutants" or "mutations in bimC"). References to the protein encoded by the gene will be written in capital letters (e.g., BIMC). As the microtubule shortens due to loss of tubulin subunits at its plus end, chromosome-associated microtubule motors maintain a dynamic attachment to the end of the shortening microtubule. As the microtubule shortens, the attached chromosome moves to the microtubule minus end. (e) A minus-end-directed motor could focus the minus ends of microtubules. The motor cross-links parallel microtubules and moves toward their minus ends, drawing them together. (f) Minus-end-directed and plus-end-directed motors work together to move a cargo toward the cell periphery. The minus-end-directed motor, anchored at the cell cortex, pulls on the microtubule plus end as it tries to move to the microtubule minus end. The plus-end-directed motors, anchored to the cargo (i.e., centrosome), drive loss of tubulin subunits from the microtubule minus ends, causing the microtubule to shorten. As the microtubule shortens, the cargo moves toward the anchored minus-enddirected motor.
tional similarities between BIMC, CUT7, KLP61F, and Eg5 emerged from the identification of a conserved sequence element in their globular carboxyl-terminal tail domains, further suggesting that these proteins are involved in similar types of interactions (51) . Using site-directed mutagenesis and transient transfection assays, Sawin and Mitchison (92) have analyzed the functional significance of a highly conserved threonine residue in this conserved region of Xenopus EgS. This threonine is a potential phosphorylation site for a p34Cdc2 or mitogenactivated protein kinase, and changing it to a serine has no observable effect on the spindle localization of Eg5; however, when EgS has an alanine or glutamic acid at this position, it does not localize to the spindle and instead remains cytoplasmic (92) . These results strongly suggest that this small domain plays an important role in the proper targeting of EgS motor activity.
Although the primary function of bimC family members is generally considered to be the separation of spindle poles, additional genetic analyses of cin8/kipl function in S. cerevisiae, using a temperaturesensitive mutant allele of cin8, revealed that the proteins encoded by these genes have important roles throughout mitosis (54) . This work demonstrated that CIN8/ KIP1 activity is necessary to stabilize the spindle prior to anaphase by providing a counterbalance to forces that may be generated by minus-end-directed motors, including members of the kar3 family of KLPs (53, 54) . Specifically, when a kipl-deletion/ cin8-temperature sensitive mutant strain was shifted to non-permissive temperature, after spindle pole body separation occurred but prior to anaphase, the separated spindle poles collapsed back together (54) . However, deletion of kar3 in this genetic background partially suppressed the collapsed spindle phenotype of cin8/kipl mutants, suggesting that the activities of KAR3 and CIN8/KIP1 are antagonistic (54) . Finally, recent work demonstrated that CIN8/KIP1 appear to work in concert with cytoplasmic dynein to drive anaphase B spindle elongation (55) . These results raise the possibility that other members of the bimC family may serve similar roles during mitosis in other organisms.
The kar3 Family: kar3, IdpA, ncd, and kat4. All kar3 family members have the conserved kinesin motor domain element at the carboxyl terminus; this is in contrast to most kinesin-related proteins, which have amino-terminal or central motor domains (4, 84). In addition, KAR3, NCD, and CHO2, the kar3 family members with demonstrated motor activity, generate minusend directed motility in vitro (57, 58, 60, 93) .
kar3 and ncd are the most extensively characterized KLPs of this family. Genetic analysis of kar3 reveals that it performs a redundant function in mitosis and an essential function in karyogamy, suggesting that it, and possibly other members of this family, perform a task fundamental to a number of microtubule-based processes (56) . In mitosis, KAR3 appears to provide a counterbalance to the activities of the bimC-related KLPs CIN8 and KIP1 (53, 54) . A similar motor interaction is seen in Aspergillus, where the activity of KLPA may antagonize the activity of BIMC during mitosis (59) . Analyses of KAR3 (56, 93) , NCD (57, 94) , KLPA (59) , and CHO2 (60) suggest that kar3 family members may possess a microtubule cross-linking activity that contributes to the assembly and stabilization of the spindle.
The importance of this cross-linking activity is clearly seen in the analyses of NCD function during the assembly of the female meiotic spindle in Drosophila (27, 62, 95, 96) . As shown by Theurkauf and Hawley (97) , this spindle is assembled "inside out," apparently by drawing together the ends of chromosome-captured microtubules to form focused poles that lack centrioles (Fig. 2e) (93) . The cross-linking activity could be used to generate the sliding of anti-parallel microtubules in vivo, while the microtubule-destabilizing activity suggests that KAR3 could facilitate microtubule flux during mitosis (93) . Second, the expression of KAR3-,B-galactosidase fusion proteins in S. cerevisiae results in the enhanced stabilization of cytoplasmic microtubules (56). Meluh and Rose (56) suggest that this activity is the result of ,B-galactosidase-induced oligomerization of these KAR3 fusion proteins. However, it is unclear whether these KAR3 fusion proteins retain motor activity, and therefore it is not known if motor activity is required for the microtubule-stabilizing activity. Nonetheless, these results lead to the supposition that KAR3 (and perhaps other KLPs) could stabilize the spindle in vivo by forming higher-order complexes. Together, these results suggest that members of the kar3 family are involved primarily in microtubule cross-linking-based motor activities (Fig. 2 b and (67) , KIF4 is apparently vesicle associated throughout mitosis (8) . During male meiosis, Drosophila KLP3A is only transiently associated with chromatin in early prophase, becomes excluded from chromatin during late prophase, and is dispersed in the cytoplasm from metaphase to anaphase (68) . At the transition from anaphase to telophase, a fraction of XKLP1 and chromokinesin and essentially all of KLP3A become localized to the developing midbody (67) (68) (69) .
Functional analyses of XKLP1 in Xenopus embryos and in vitro spindle assembly extracts suggest that this KLP is primarily involved in the positioning of chromosomes and the stabilization of the assembled bipolar spindle (67) . Injection of XKLP1 antisense oligonucleotides into Xenopus embryos blocks cytokinesis and results in the formation of abnormal spindles with displaced chromosomes. This phenotype and the localization of XKLP1 to chromosomes prompted Vernos and co-workers (67) to suggest that XKLP1 may have a role, similar to that proposed for NOD, in generating an anti-poleward force during chromosome congression. In addition, after introduction of XKLP1-specific antisera, Xenopus egg extracts assemble mitotic spindles that contain a reduced density of microtubules in the central spindle (67) . Drosophila klp3A mutations also lead to the assembly of spindles with a severely decreased density of microtubules in the central spindle (68) . The numerous microtubules of the central spindle are generally believed to be involved in the antiparallel microtubule sliding that results in the elongation of the spindle at anaphase B. Therefore, the loss of central spindle microtubule density in the absence of XKLP1 or KLP3A activity would be expected to diminish anaphase B spindle elongation. Surprisingly, despite this disruption of central spindle organization, anaphase B elongation appears to be unaffected in klp3A mutants (68) .
The biochemical analyses of the KIF4 family suggests that these KLPs also assemble into a variety of different motor complexes. Xenopus XKLP1 appears to be able to associate with both chromosomes and membrane-bound vesicles (67) . Mouse KIF4 appears to associate primarily with membrane-bound vesicles, but in vitro analyses of the recombinant protein show that it has a strong microtubule bundling activity (70 (71) . Functional analysis of KIF2 has focused on its possible role in axonal vesicle transport and not on its potential role during mitosis. In adult brain, immunoaffinity purification of KIF2 with a KIF2-specific monoclonal antibody reveals that KIF2 is associated with a population of vesicles that appear to be distinct from synaptic vesicles (72) . However, analysis of KIF2 protein expression shows that KIF2 levels are highest in developing brain and lowest in adult brain, possibly suggesting a role for KIF2 in cell proliferation (72) . Further analyses for both MCAK and KIF2 are required to determine the extent of functional overlap between these two very similar proteins.
NOD. Mutations in the gene encoding NOD lead to the misbehavior of chromosomes that have not experienced recombination during female meiosis in Drosophila melanogaster (98, 99) . Classical genetic studies and confocal microscopic analyses reveal that NOD function, although nonessential for exchange chromosomes, provides an activity necessary only for the proper segregation of achiasmate chromosomes (85, 97, 99 MKLP1. MKLP1 (mitotic kinesin-like protein) was identified by using an immunological approach designed to generate monoclonal antibodies against components of CHO cell mitotic spindles (102, 139) . Immunofluorescent analysis of MKLP1 distribution during mitosis shows it to be localized to the spindle poles at metaphase and to the central spindle at anaphase (86) . Biochemical analysis of recombinant MKLP1, cloned from HeLa cells, suggests that it can bundle microtubules in vitro (86) . Additionally, in a modified motility assay, MKLP1 was able to cause Chlamydomonas axonemes to move along microtubules grown from Tetrahymena pellicles. These properties, interpreted in light of the immunocytochemistry, prompted Nislow et al. (86) to suggest that MKLP1 may be involved in generating sliding forces between anti-parallel microtubules during anaphase B. However, microinjection of an anti-MKLP1 monoclonal antibody, CHO1, into PtK1 cells or first-division sea urchin embryos causes mitotic arrest before metaphase (103, 104). Analyses of the arrested cells suggest that anti-MKLP1 partially inhibits chromosome congression and disrupts the convergent organization of spindle microtubules near the poles. These results suggest that MKLP1 may use its microtubule cross-linking activity to stabilize mitotic spindle poles. Interestingly, anti-MKLP1 has no effect on anaphase movements, suggesting that MKLP1 is either inaccessible to the antibody during anaphase or is not essential for anaphase progression (103, 104).
CENP-E. The CENP-E protein was also identified in an immunological screen devised to identify monoclonal antibodies specific for components of the human kinetochore (105) . Analyses of CENP-E levels show that the protein is under tight cell cycle control, as it is rapidly degraded at the end of mitosis (87, 106) . The distribution of CENP-E during mitosis shows it to be localized to kinetochores from prometaphase until early anaphase. At this point, CENP-E shows a dramatic redistribution to the central spindle and later to the midbody at telophase (105) . CENP-E's redistribution from the kinetochore to the central spindle may be controlled by phosphorylation-dependent regulation of its nucleotide-independent microtubule-binding domain (107) .
The injection of the CENP-E-specific monoclonal antibody mAbl77 into prometaphase human pancreatic epithelial cells caused a block or delay at the metaphase/anaphase transition of mitosis, but it did not disrupt spindle organization or the attachment of the chromosomes to the metaphase spindle (105) .
The localization of CENP-E to the kinetochore prompted Lombillo et al. (108) to investigate the possibility that kinetochore-associated CENP-E is involved in Review: Barton and Goldstein maintaining a dynamic attachment between the kinetochore and the depolymerizing plus ends of kinetochoreassociated microtubules. This possibility was investigated in an assay system in which the association of the chromosome with the ends of the depolymerizing microtubule causes the attached chromosome to move toward the microtubule minus end, the direction of anaphase A movement (see Fig. 2d ). Interestingly, chromosome movement in this in vitro assay is ATP independent, suggesting that a nonconventional motor activity is involved in the process. Antibodies to CENP-E, but not antibodies to MCAK or dynein, block the microtubule disassembly-dependent movement of chromosomes and suggest that CENP-E is directly involved in coupling changes in microtubule dynamics to chromosome movements (108) .
Although motor activity for recombinant CENP-E has not been directly demonstrated, recently Thrower et al. (109) partially purified CENP-E from HeLa cells; surprisingly, this preparation shows minus-end directed motility. If the CENP-E protein is responsible for this minus-end-directed motility, this would be the first instance of which we are aware in which a motor with its kinesin-like motor domain at the amino terminus produced minus-end-directed motility.
Dynein. Due in large part to the considerable size of dynein, the identification and characterization of cytoplasmic dyneins has not progressed as rapidly as the analyses of members of the kinesin superfamily. However, recent accomplishments in the field, most importantly the cloning of full-length dynein heavy chains from a number of organisms, have opened the door to the full characterization of cytoplasmic dynein and perhaps cytoplasmic dynein-related proteins (37, 39, 40, 41, (73) (74) (75) (76) (77) .
The initial suggestion that cytoplasmic dynein might play a role in mitosis comes from striking immunological studies that show cytoplasmic dynein localized to kinetochores and diffusely associated with spindle poles and spindle fibers during mitosis (80, 81) . This localization to kinetochores prompted the suggestion that cytoplasmic dynein functions as an anaphase A motor, providing force for the movement of the chromosomes to the poles (80, 81, 110, 111) . However, recent genetic analyses of dynein function during mitosis in S. cerevisiae strongly suggest that dynein activity is not essential for chromosome movement during mitosis (38) . Instead, it appears that dynein function is necessary for the proper alignment of the mitotic spindle relative to the bud neck (38, 112) . In addition, analyses of the interaction of dynein with CIN8 and KIP1 mutant-encoded proteins (members of the bimC family) reveal that these proteins work cooperatively to achieve anaphase B spindle elongation (55 (108, 113, 114 
Emerging Principles
The recent analyses of the many microtubule motors that appear to function during mitosis and meiosis provide a glimpse of some of the mechanisms that are likely to be operating during chromosome segregation. These inferred motor activities suggest a variety of ways that microtubule motors could accomplish the numerous movements involved in chromosome segregation. For example, the separation of centrosomes involves motors that are plusend-directed (bimC family) and minusend-directed (kar3 family, cytoplasmic dynein). A plus-end-directed motor could facilitate centrosome separation by generating antiparallel sliding between microtubules initiated at each centrosome (Fig.  2b) . In addition, a plus-end-directed motor, positioned at the centrosome, could work in concert with a minus-end-directed motor, anchored at the cell cortex, to move centrosomes apart (Fig. 2f) . For anastral spindles, minus-end-directed motors (kar3 family, cytoplasmic dynein) could organize microtubule minus ends and stabilize spindle poles (Fig. 2e) . During prometaphase, plus-end-directed motors (KIF4 family, NOD) located on chromosome arms could participate in chromosome congression (Fig. 2a) . At anaphase A, various types of motors (kar3 family, CENP-E) could couple chromosome movements to changes in microtubule dynamics, allowing the chromosomes to move to the poles (Fig. 2d) . Finally, plus-end-directed motors (bimC family, MKLP1) and minus-end-directed motors (cytoplasmic dynein) could carry out movements similar to those suggested for centrosome separation to accomplish anaphase B spindle elongation (Fig. 2b and f) .
A recurring theme in studies of the motors involved in mitosis and meiosis is that some of the motor activities involved in these movements are redundant. While some of these activities are directly redundant (e.g., those encoded by cin8 and kipl in S. cerevisiae), other activities are apparently redundant because spindles may simultaneously use different, cooperative mechanisms to generate movement (Fig.  2) . For example, both antiparallel microtubule sliding (Fig. 2b) and minus-enddirected motor pulling (Fig. 2f ) mechanisms may be used to accomplish spindle pole separation and anaphase B spindle elongation.
In thinking about these mechanisms, we need to keep in mind an underappreciated aspect of mitosis and meiosis, namely their extraordinary accuracy. Errors in mitotic chromosome segregation occur at the rate of approximately 10-5 per generation, while errors in reductional segregation at meiosis occur on the order of 10-3 per generation (16, 115) . This unusual precision may have been selected for over long periods of evolutionary time. As a result, the slow rate of chromosome segregation may reflect the presence and operation of an extensively redundant system optimized for accuracy.
The variety of microtubule motor activities used to segregate chromosomes appears to include activities positioned at the kinetochore, between overlapping micro-tubules, and at the spindle poles. However, recent evidence suggests that motors positioned in less obvious locations nonetheless play important roles in meiosis and mitosis. These include (i) motors positioned along the length of chromosome arms that appear to be involved in the stabilization of the bipolar spindle and the proper positioning and segregation of chromosomes ( Fig. 2a; refs. 67, 69, 100) ; and (ii) vesicle-associated motors involved in the organization of the central spindle and perhaps the transmission of the signal to initiate cytokinesis (67, 68, 70) . Furthermore, it appears that some KLPs, particularly members of the XKLP1 and KIF2 families, may be associated with multiple "cargoes," ranging from vesicles to chromosomes, during mitosis (67, (70) (71) (72) . Some of these motors do not appear to be mitosis-specific, but rather recruited to their mitotic roles during cell proliferation. Later in development, these KLPs appear to function in other microtubuledependent processes, including axonal transport ( Fig. 2a; refs. 70, 72 ).
Gaps in Our Understanding
The analyses of KLPs and cytoplasmic dynein have greatly extended our understanding of the likely roles of microtubule motors in mitosis and meiosis. However, these investigations have also illuminated a number of gaps that will serve as important areas for further work in the future.
The functionally redundant nature of many of the activities involved in accurate chromosome segregation has made it difficult to assign functions to individual KLPs (23, 24). Nonetheless, the identification of the specific motor or motors involved in carrying out the numerous movements of mitosis and meiosis will continue to be a major challenge. Classical genetic approaches, particularly in yeast, have proven to be extremely valuable in identifying the functions of cin8/kipl, kar3, and cytoplasmic dynein (53) (54) (55) 116) . However, in systems where multiple knockouts are more difficult or not possible with genetic approaches, we will have to look for other approaches. In this regard, the identification of KLP families with distinct motor properties may lead to the identification of KLP "family-specific" inhibitors that can be used to target the elimination of an entire KLP family during cell division. The ability of injected "pan" antibodies to inhibit mitosis, when directed against the most conserved regions of the kinesin motor domain, and hence against multiple kinesins simultaneously, shows the potential for this type of approach (104, 117, 118) .
To determine how motor activities are targeted to specific spindle locations, we need to characterize active, native motor complexes. Such work has already provided evidence that the force-generating capacity of the conserved kinesin motor domain itself has been modulated during evolution so that it can produce significantly different motor activities, including the following: movements at varying velocities; movement toward either microtubule plus or minus ends (i.e., changes of direction); sliding between antiparallel microtubules; modulation of microtubule assembly dynamics; and association with the ends of dynamically unstable microtubules. These studies have also led to the view that variations in motor output generated by the conserved kinesin-like motor domain are dependent not only on its motor and tail sequences but also on localization, associations with interacting proteins, and oligomeric architecture. The importance of these latter concepts has been clearly demonstrated by the pioneering work of Scholey and co-workers (119, 120) . Using a biochemical approach, they purified an active heterotrimeric microtubule motor complex (KRP85/95) from Strongylocentrotus purpuratus that contains two different kinesin-like motor subunits, SpKRP85 and SpKRP95, and a 115-kDa associated protein. The novel feature of KRP85/95 is the ability of its two kinesinlike subunits to heterodimerize, possibly through their coiled-coil stalk domains (121) . This may be a general principle, since related KLPs have been identified in mouse (66, 122, 123) , Drosophila (124), Chlamydomonas (125) , and Caenorhabditis (44, 124) , suggesting that these KLPs are members of a new kinesin family (4, 84). Therefore, the potential for KLPs to form different types of oligomers is another mechanism that may be used to generate variation in motor output, and it stresses the importance of identifying and characterizing native motor protein complexes (126) .
Another poorly understood facet of chromosome segregation is the mechanism that coordinates and regulates the multitude of motor activities that are apparently working during meiosis and mitosis. Recent cytological analyses have provided strong evidence suggesting that the generation and sensing of tension on the spindle is an important "checkpoint" mechanism used to verify that chromosomes have made a proper bipolar connection to the spindle prior to the initiation of anaphase (127) (128) (129) (130) (131) . This tension is quite possibly generated by opposing microtubule motor activities (6). In addition, there is evidence to suggest that the phosphorylation state of certain kinetochore components is sensitive to tension (132, 133) . These observations lead to the supposition that the activity or output of meiotic and mitotic motors may also be regulated by, or sense, changes in tension (128) . If microtubule motors sense and respond to changes in tension along microtubules, this property would effectively enable motors at the spindle poles to communicate, through tension on spindle microtubules, with motors on the chromosomes and, through tension on astral microtubules, with motors localized at the cell cortex.
Finally, many of the signals that lead to cell proliferation must ultimately be "read-out" by changes in the activities of the motor proteins that generate forces during cell division. Thus, it will be important to focus attention on those regulatory events that integrate motor activity into the signal transduction cascades of the cell cycle.
L.S.B.G. is an Investigator with the Howard Hughes Medical Institute.
